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ANTI-INFECTIVE AGENTS AND USES
THEREOFK

FIELD OF THE INVENTION

The present invention relates to the use of anti-infective
agent compositions and 1n particular to the use of an 1mmu-
nostimulant microparticle as an anti-infective agent for
enhancing the innate and/or specific immune response
against pathogens.

The invention has been developed primarily for use as a
broad acting anti-infective agent that is able to act on immune
cells to combat disease caused by pathogens and will be
described hereinaiter with reference to this application. How-
ever, 1t will be appreciated that the invention 1s not limited to
this particular field of use.

BACKGROUND OF THE INVENTION

Any discussion of the prior art throughout the specification
should 1n no way be considered as an admission that such
prior art1s widely known or forms part of the common general
knowledge 1n the field.

The immune system consists of two major subdivisions
called the innate (non-specific) immune system and the adap-
tive (specific) immune system. Both systems coordinate to
produce an effective response, however they differ 1n a num-
ber of ways. The adaptive immune system requires time to
react to a pathogenic organism, 1s antigen specific and dem-
onstrates 1immunological memory. In contrast, the innate
immune system provides a quicker response to a pathogen, 1s
not antigen specific and does not demonstrate immunological
memory.

There are two branches of the adaptive (specific) immune
system. These include humoral immunity and cell-mediated
immunity. Humoral immunity involves the generation of anti-
bodies to foreign antigens. Antibodies are produced by
B-lymphocytes. Cell-mediated immunity involves the activa-
tion of T-lymphocytes which either act upon infected cells
bearing foreign antigens or stimulate other cells to act upon
infected cells. Both branches of the mammalian 1mmune
system are important 1n fighting disease. Humoral immunity
1s the major line of defense against bacterial pathogens and
toxins however the induction of helper and cytotoxic T lym-
phocytes appears to be crucial for long lived protective immu-
nity.

Innate immunaity 1s the first line of defense against infection
and exploits pathogen molecular pattern recognition recep-
tors (PRRs) common to many micro-organisms to rapidly
induce pro-intlammatory and anti-viral cytokines. Specific
activators of these pathways are of potential therapeutic ben-
efit against viral infections 1n both healthy and immunologi-
cally-compromised hosts. Identification of the ligands for
PRRs, coupled with an increasing knowledge of their signal-
ling cascades, has lead to selective PRR ligands being devel-
oped as inducers of the preferred immune response fora given
pathogen.

There 1s accelerating interest in the use of non-specific
immunostimulants, or adjuvants as a means of enhancing/
inducing non-specific immunity. The term “adjuvant™ 1is
widely used to describe compounds which when adminis-
tered to an individual or tested in vitro, act by inducing the
general up-regulation of immune cell-specific immunologic
activities.

Whilst a great variety ol materials have been shown to have
adjuvant activity, the only adjuvant licensed for general medi-
cal use 1s Alum, which was first used over 50 years ago. Next
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to Alum, Freund’s complete adjuvant (FCA), containing min-
eral o1l and inactivated tubercle bacillus was mitially used
widely and was regarded as the ‘gold standard’ but fell mnto
disuse because 1t formed a granuloma (Stills 2005).

The 1identification of 1mmunostimulatory/modulatory
properties of murumyl dipeptide (MDP), a dipeptide com-
mon to gram-positive and gram-negative classes of bacterial
peptidoglycans (Inohara, 2003; Kufer, 2006), led to immu-
nopharmacological studies almed at clinical application of
MDP as a chemically defined, fully active immunoadjuvant.
These expectations were soon frustrated by the realization
that MDP itself 1s not suitable for clinical use, mainly because
of its toxicity and poor pharmacokinetic profile, 1.e. the rapid
clearance of MDP from the body (Lidgate, 19935; Traub,
2006). Attempts to reduce or eliminate pyrogenicity in turn
has led to the formulation of derivatives, some of which have
been used 1n clinical trials 1n a soluble monomeric form e.g.
Murabutide (Audibert, 1984; Bahr, 1995; Vidal, 2001).

In contrast to the MDP formulations mentioned above, an
MDP analogue was developed which lacks the unwanted side
elfects attributed to MDP while achieving enhanced immu-
nostimulatory properties (Australian Patent No. 732809).
This non-toxic form of MDP (NT-MDP) was originally
developed, as were most adjuvants, to enhance specific
immune responses to native proteins, recombinant proteins,
synthetic peptides and other immunogenic materials, 1e. it
was used 1n conjunction with a relevant antigen as a conven-
tional adjuvant-antigen complex.

Traditionally bacterial adjuvants are not used for immuno-
therapy on their own, to boost the non-specific immune sys-
tem 1n order to fight infection. In part this 1s because the prior
art adjuvants are not able to specifically activate the relevant
immune cell types and hence activate the relevant immune
response. Prior art adjuvants induce cytokine production by
mappropriate cell types that leads to systemic expression of
large amounts of diverse cytokines leading to severe and
undesirable side-effects which 1n turn prevents their use as
stand-alone immunotherapeutics.

Several mnate immune responses are considered to con-
tribute towards the control of viral infections. These effector
mechanisms are multi-faceted and include direct anti-viral
activities as well as immunomodulatory effects on infected
host immune cells that contribute towards elimination of
these cells. Direct anti-viral activity may comprise soluble
factors, such as CDS8 anti-viral factor (CAF) and IFN-q,
which have the capacity to directly affect viral transcription
Immunomodulatory/pro-inflammatory cytokines secreted by
macrophage and dendritic innate immune cells, such as TNF
(1n concert with IFN-v) can act on virus-infected cells, which
exhibit 1increased sensitivity to cell lysis mediated by TNF.
Further, cellular mechanisms such as natural killer (NK) cell-
mediated killing of virus-infected cells comprise another
important aspect of 1nnate anti-viral immunaity.

Although a wide range of other innate cytokines can medi-
ate biological functions regulating aspects ol anti-viral
immunity, high levels of IFN-a/ appear to be dominant 1n
the context of viral infections and act to regulate other imnnate
responses. The clinical utility of IFN-a 1n treating a variety of
viral disorders such as chronic Hepatitis B/C, as well as a
broad range of human cancers, lies 1n 1ts ability to induce a
dominant array of anti-viral genes, which drive plelotropic
host defense pathways that prevent viral replication. The cur-
rent IFN-c. products 1n clinical use are recombinant proteins
or highly purified proteins of a single 1soform which are used
as a monotherapy or 1n conjunction with other anti-viral
agents. These therapies however are not well tolerated and are
associated with low response rates. This underpins the need
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for new approaches that can not only induce physiologically
relevant levels of naturally occurring multiple IFN-c. 1s0-
forms, but can also mobilise other aspects of innate anti-viral
immunity that are likely to act synergistically with IFN-c.

NK cells are important functionally distinct contributors to
innate defense against viral infections. Enhancement of
intrinsic NK cell activity by immunostimulatory compounds
1s another clinically relevant anti-viral therapeutic approach.
Further, since NK cells can recognise and destroy virus
infected cells, by a mechanism distinct from that of IFN-q,
they have the capacity to target viruses that have acquired
resistance to the direct effects of IFN-c.. IFN-a plays a central
role in activating NK killing, and further synergises with
other key mnate immune cytokines such as TNF-a and I1L-12
to up-regulate NK cell function and promote adaptive cell-
mediated immunity. Therefore, in order to fully exploit NK
anti-viral mechanisms, immune stimulation of other innate
immune cells such as plasmocytoid dendritic cells (pDC) and
monocytes 1s desirable.

For bacterial infections, other innate immune functions are
important, 1n particular phagocyte function, where phagocy-
tosed pathogens are subjected to reactive oxygen and nitrogen
species or destroyed by lysosomal enzymes. Degraded anti-
gens may then be presented by macrophages to T cells and
induce an adaptive immune response. Pathogenic bacteria fall
into two groups with regard to their fate within phagocytes:
extracellular bacteria are promptly killed after phagocytosis
and facultative intracellular bacteria are resistant to intracel-
lular killing unless macrophages are immune-activated.
Extracellular bacteria cause purulent infections, and faculta-
tive intracellular bacteria granulomatous ones. Humoral
immune mechamsms (antibody, complement) deal mainly
with extracellular bacteria, while cellular immune mecha-
nisms (1 cells, macrophages) deal with facultative intracel-
lular bactenia.

There are a number of bacterial and viral infections that
remain difficult to treat with currently available therapies. For
example, tuberculosis (TB) 1s the oldest known human patho-
gen and the leading cause of death 1n humans due to a single
bacterial agent. It 1s estimated that nearly a third of the human
population 1s ifected with Mycobacterium tuberculosis
(Mtb), the causative agent. There are approximately 8 million
new cases ol TB per year and about 2 million deaths per vear.
Mult1 drug resistant IMDR) and extraordinarily drug resistant
(XDR) tuberculosis are posing serious challenges to the con-
trol of mortality and morbidity.

Tuberculosis can persist indefinitely 1n small populations
and reactivate sporadically to produce disease that 1s hard to
treat even for drug susceptible strains. Because of the diffi-
culties in drug treatment, preventive and therapeutic vaccina-
tion to limit MDR-Mtb 1s becoming an increasingly viable set
of strategies. Historically, the heavy bacterial burden of lep-
romatous leprosy can be reduced by BCG vaccination; simi-
lar approaches are urgently needed to reduce or eliminate the
bacterial load in MDR -tuberculosis.

Effective control of tuberculosis appears to mnvolve two
stages of intervention: prevention of the establishment of
infection after primary exposure (primary vaccination) and
immune activation of BCG vaccinated individuals to prevent
reactivation of disease (booster vaccination). A major gap in
the control of MDR-MTtb 1s the lack of effective vaccines that
can address these modes of immunization. Furthermore,
drugs are not effective 1n treating MDR -Mtb and thus there 1s
a need for therapeutic vaccination. The live attenuated vac-
cines derived from wild type M. tuberculosis protect as well
as BCG vaccine, but are limited by safety concerns. A number
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4

of recombinant antigens and DNA vaccines have been 1den-
tified which protect for shorter periods of time, requiring
boosters.

Regrettably, the BCG vaccine 1s variably effective against
childhood tuberculosis but not against adult tuberculosis or
reinfection. MDR -tuberculosis 1s usually a result of re-infec-

tion and thus, BCG vaccination does little to control this
aspect ol drug sensitive or MDR-Mtb strains. Furthermore,
Mtb hides in macrophages and subverts immune recognition.
Even attenuated BCG vaccine sequesters 1n special compart-
ments ol macrophages (M®s) and dendritic cells (DCs)
reducing immune recognition. Thus BCG has at least two
important deficiencies. First, 1t does not contain all of the
potentially protective antigens and second, 1t actively sub-
verts immune responses.

Tuberculosis 1s controlled by a strong Th1 immunity which
1s paradoxically counter-regulated by antibody dominant Th2
responses and suppressive T-regulatory cells induced by Mtb
derived products. Thus, vaccine mediated immune control of
MDR -tuberculosis requires the use of vaccines that preferen-
tially induce Thl immunity at the expense of other T cell
responses, emphasizing the role of adjuvants which can skew
T cell differentiation as an important component of rational
vaccine design. Regrettably, there 1s a striking gap in the
understanding of the mechamsms of adjuvants that can
induce long lasting immunity with minimal booster doses.

Influenza infections cause substantial morbidity and mor-
tality 1n children and elderly people. Serious complications
associated with influenza infection include pneumonia, res-
piratory failure, non-respiratory conditions such as shock and
encephalopathy, and exacerbations of underlying chronic 1ll-
ness. Death associated with influenza can be directly related
to the primary viral infection, or can result from a secondary
complication. In certain cases, the progression from onset of
illness to death can occur rapidly. Whilst vaccination may
offer some protection, the extent of genetic drift every year
means that there 1s a high likelihood of mismatch between the
vaccine and the circulating virus strain. A preferable vaccine
formulation would be one that does not require annual refor-
mulation to accommodate the rapid influenza strain muta-
tions that occur each year. Whilst vaccines are essential tools
for the control of influenza, innate immunotherapies may be
of particular advantage when vaccines fail or an influenza
outbreak occurs in non-vaccinated individuals or a non-vac-
cinated population (epidemic).

Plague is caused by Yersinia pestis, which evolved from the
enteric pathogen Y pseudotuberculosis, which normally
causes a chronic and relatively mild disease. Y. pestis natu-
rally parasitizes the flea but 1s also highly virulent to rodents
and humans, causing epidemics of a systemic and often fatal
disease. Whilst plague infections are relatively rare 1n the
Western world, 1t still remains a threat to public health 1n less
developed countries. It can be transmitted from human to
human 1n aerosols and 1s therefore listed as a Category A
bioterrorism agent. Y. pestis 1s able to cause disease in animals
in part due to its inherent ability to dampen the normal,
non-infectious immune response to infection. In the absence
of current preventative vaccination strategies, therapies
which can stimulate the innate immune response may protect
against the pneumonic plague.

As such, a desirable broadly acting anti-infective agent
would be one that acts specifically on multiple immune cell
subsets, inducing the co-ordinated release of multiple cytok-
ines. This mode of action would be desirable 1n the prevention
and/or treatment of viral and/or bacterial infections, particu-
larly those that are difficult to treat.
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It 1s an object of the present imvention to overcome or
ameliorate at least one of the disadvantages of the prior art, or
to provide a useful alternative.

SUMMARY OF THE INVENTION

The present invention 1s 1n part based on a surprising obser-
vation that a muramyl dipeptide cross-linked into a micropar-
ticle (MDP-microparticle) contains i1mmunostimulatory
nucleic acid motifs, which may explain why it was also
observed, as described herein, that the MDP-microparticle 1s
capable of activating several different immune cell subsets
that are central to induction of a broad range of innate anti-
bacterial and anti-viral immune responses. Hereinafter the
MDP-microparticle that comprises the nucleic acid motifs
will be termed “MDP/DNA-microparticle”.

Further, the MDP/DNA-microparticle may be functiona-
lised with one or more additional ligands capable of enhanc-
ing innate anti-infective immune responses and/or with bac-
terial or viral antigens, to further boost/focus the immune
response.

According to a first aspect, the present invention provides
a method of prophylactic or therapeutic treatment of an 1nfec-
tion caused by a virus and/or a bacterium, comprising admin-
1stering an effective amount of a MDP/DNA-microparticle to
a subject 1n need thereof.

Preferably, the MDP/DNA-microparticle activates an
innate immune response.

More preferably, the mmnate immune response includes
activation of NK cells, plasmocytoid dendritic cells (pDC) or
monocytes.

Preferably, the MDP/DNA-microparticle further induces
and/or stimulates the release of at least one cytokine.

The cytokine 1s preferably an immune/pro-inflammatory
and/or regulatory cytokine.

Preferably, the immune/pro-inflammatory and/or regula-
tory cytokine 1s interferon-alpha (IFN-o.), interferon gamma
(IFN-v), interleukin 10 (IL-10), interleukin 6 (IL-6), interleu-
kin 1-beta (IL-1f3), tumor necrosis factor alpha (TNF-o),
interleukin 12 (IL-12), and CD8 antiviral factor, and the like.

Preferably, the MDP/DNA-microparticle mobilizes other
aspects of innate anti-viral and/or anti-bacterial immunaity.

More preferably, the other aspects of innate anti-viral and/
or anti-bacterial immunity are able to act synergistically with
IFN-c..

To enhance the efficacy of the innate anti-viral and/or anti-
bacterial immune response the MDP/DNA-microparticle
may be combined with at least one immunostimulatory
ligand, bound to or within the microparticle, that 1s capable of
stimulating specific immune cell subsets effective 1n viral
and/or bacterial cell damage and/or destruction. Preferably
the ligands are selected from TLLR1,2,3.,4,5,6,7,8,9,10, NOD-
1, NOD-2, and the like, or any combination thereof.

The MDP/DNA-microparticle can be designed to support
the preferential induction of either Thl or Th2-type immu-
nity. Moreover, the ability to incorporate a range of immuno-
gens 1 addition to further adjuvant ligands allows for the
building of a single agent that serves to simultaneously
deliver antigen(s) and adjuvant(s) preferentially to the cellu-
lar targets of vaccination.

In one embodiment, the MDP/DNA-microparticle com-
prises at least one viral and or bacterial antigen. Examples of
suitable antigens include, but are not limited to Mycobacte-
rium tuberculosis antigens such as Antigen-835A, Antigen-
858, ESAT and CFP-10. Any combination of such antigens
may also be used. The preferred influenza antigens are
derived from hemagglutinin and neuraminidase genes from
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circulating strains. Plague antigens may be derived from the
toxin components F1, V or a combination of the two, a so-
called F1-V fusion antigen. Other viral and bacterial antigens
that may be used 1n conjunction with the compositions of the
present invention will be known to those skilled in the art.

Preferably, the MDP/DNA-microparticle 1s from about
0.05 to 3.0 microns in diameter. More preferably 1t 1s 0.2 to
2.0 microns 1 diameter. Most preferably 1t 1s 0.2 to 1.0
microns 1n diameter or 0.5 to 1.0 microns 1n diameter.

Preferably, the MDP/DNA-microparticle 1s 1n a composi-
tion comprising one or more pharmaceutical or veterinary
excipients, carriers or solvents.

Preferably, the method of preventing or treating an infec-
tion caused by a virus and/or bacterium, further comprises
administering another therapeutic agent effective 1n the pre-
vention and/or treatment of an infection caused by a virus
and/or bacterium.

Preferably the another therapeutic agent 1s a vaccine and/or
and antibiotic that 1s administered simultaneously or sequen-
tially.

The subject 1s preferably a mammal and more preferably a
human.

Preferably the infection to be treated 1s selected from the
group consisting of, but not limited to, influenza, plague and
tuberculosis.

Preferably the MDP/DNA-microparticle can act as a
potentiator of NK cells.

Preferably the MDP/DNA-microparticle can act as a
potentiator of NK cytotoxicity.

The MDP/DNA-microparticle can also act as a potentiator
ol soluble factors that inhibit viral and/or bacterial replica-
tion.

According to a second aspect, the present mvention pro-
vides a pharmaceutical composition having anti-infective
activity, comprising a MDP/DNA-microparticle, wherein the
MDP/DNA-microparticle includes a nucleic acid, and
optionally a pharmaceutically acceptable carrier.

According to a third aspect, the present invention provides
a pharmaceutical composition having anti-infective activity,
comprising a MDP/DNA-microparticle, wherein the MDP/
DNA-microparticle includes a nucleic acid, in combination
with one or more ligands capable of stimulating immune cell
subsets effective in damaging and/or destroying and/or inhib-
iting bacteria and/or viruses, and optionally a pharmaceuti-
cally acceptable carrier.

According to a fourth aspect, the present invention pro-
vides a pharmaceutical composition having anti-infective
activity, comprising a MDP/DNA-microparticle, wherein the
MDP/DNA-microparticle includes a nucleic acid, in combi-
nation with one or more bacterial and/or viral antigens, and
optionally a pharmaceutically acceptable carrier.

Suitable pharmaceutical or veterinary carriers and formu-
lations will be known to those of skill in the art.

The nucleic acid component of the MDP/DNA-micropar-
ticle 1s preferably DNA.

According to a fifth aspect, the present invention provides
a composition comprising MDP/DNA-microparticle,
wherein the MDP/DNA-microparticle comprises DNA.

Preferably the MDP/DNA-microparticle induces a Thl-
type immune response.

It will be understood that other therapeutic and/or anti-
infective agents may be used in combination with the MDP/
DNA-microparticle or conjugated to the MDP/DNA-micro-
particle. Administration of the MDP/DNA-microparticle
and/or other anti-infective agents can be simultaneous or
sequential. Sequential administration may be separated by
any suitable time-frame of minutes, hours, days or weeks.
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Thus, according to a sixth aspect the present invention
provides a vaccine composition comprising effective amount

of MDP/DNA-microparticle.

It will also be understood that the MDP/DNA-micropar-
ticle compositions described herein may be equally effec-
tively used in pharmaceutical formulations intended for
human administration and 1n formulations intended for vet-
erinary applications. Preferably the formulations are intended
for human use.

According to a seventh aspect the present invention pro-
vides use of MDP/DNA-microparticle in the manufacture of
a medicament for the prophylactic or therapeutic treatment of
a bacterial and/or viral infection.

Unless the context clearly requires otherwise, throughout
the description and the claims, the words “comprise”, “com-
prising”’, and the like are to be construed 1n an inclusive sense
as opposed to an exclusive or exhaustive sense; that is to say,
in the sense of “including, but not limited to”.

In the context of the present imvention a reference to
“muramyl dipeptide microparticle” may be used interchange-
ably with “microparticle”, “MA”, “MDP-microparticle”,
MDP/DNA-microparticle, “MIS-416 and “MIS”. In the fig-
ures the terms “MIS”, “MIS416 and “MDP” are used inter-
changeably and describe the MDP/DNA-microparticle of the
invention.

The term “anti-infective” as used herein 1s intended to
encompass both microbicidal (1e. killing of bacteria and/or
viruses) and microbistatic (1e. nhibition/prevention of
growth, proliferation and or replication of bacteria and/or
viruses) activity of the MDP/DNA-microparticle composi-

t1ons.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: Internalization of fluorescently labelled MDP/
DNA-microparticle (MISAF488) by human peripheral blood
myeloid dendnitic cells (mDC), plasmocytoid dendritic cells
and monocytes.

FIG. 2: IFN-y, IL-10, IL-6, IL-1p and TNF-a cytokine
secretion by human PBMC at 72 hr following culture with 10
ug/ml MDP/DNA-microparticle (MIS416).

FIG. 3: pDC secrete IFN-a following MDP/DNA -micro-
particle (MIS) stimulation which 1s abrogated by endosos-
mal/lysosmal 1nhibaitor,

FIG. 4: Direct immunostimulation of purified human
CD56+CD3- NK cells by MDP/DNA-microparticle (MIS).

FIG. 5: Induction of monocyte TNFa secretion following
stimulation with MDP-DNA-microparticle.

FIG. 6: Enhancement of human PBMC spontancous NK
killing activity following stimulation with MDP/DNA-mi-
croparticle (MIS)

FIG. 7: Inlubition of HIV-1 Clade A and B PBMC viral
bioburden mediated by culture supernatant harvested at 48
hrs from PBMC cultures stimulated with 1, 5 or 10 pug/ml
MDP/DNA-microparticle (MA).

FIG. 8: MDP/DNA-microparticle pre-treatment confters
protection from Yersinia pestis acrosol challenge.

FIG. 9: Pre-treatment of mice with MDP/DNA-micropar-
ticle (MDP) on day —10 prior to infection confers protection
to Yersinia pestis.

FIG. 10: Comparison of doses of MDP-DNA-micropar-
ticle (MDP) on protection against Yersinia pestis.

FIG. 11: Inlubition of Influenza A morbidity and mortality
by MDP/DNA-microparticle (MIS416) therapy following
establishment of 1ni

ection.
FIG. 12: MDP/DNA-microparticle (NT-MDP) prophy-
laxis confers protection to anthrax toxin challenge.
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FIG. 13: MDP/DNA-microparticle (MIS416) adjuvant-
OVA 1mmunogen conjugates induce protective cellular

immunity 1 Thl vaccination model

FIG. 14: MDP/DNA-microparticle (MIS416) upregulates
human PBMC mDC and pDC expression of immune
costimulatory molecules CD83 and CD86 along with HL A-
DR upregulation.

FIG. 15: MDP/DNA-microparticle (IMIS416) enhances the
immunogenicity of Mtbh ESTAT antigen as measured by
reduced lung Mtb colonies compared to non-treated animals.

PREFERRED EMBODIMENT OF THE
INVENTION

The present mvention has been motivated by the lack of
safe and ellicacious preventions or treatments for viral and/or
bacterial infection, and 1s 1n part based on the unique and
advantageous properties of muramyl dipeptide cross-linked
into a microparticle (MDP-microparticle) to stimulate the
innate immune system. It was surprisingly discovered that the
MDP-mlcropartlcle contains DNA fragments, probably of
bacterial origin, which may explain 1ts capability of selec-
tively targeting and activating several different immune cell
subsets that are central to induction of a broad range of innate
and adaptive anti-infective immune responses. This novel
MDP-microparticle comprising DNA fragment(s) will be
referred to herein as “MDP/DNA-microparticle”.

Whereas the MDP/DNA-microparticle compositions of
the present invention are themselves effective 1n targeting and
activating the relevant components of the immune system to
aid 1n destructions of bacteria and/or viruses, the efficacy of
the microparticle compositions can be further enhanced and
focused (eg. enhanced specific immunity) by certain ligands
and immunogens/antigens that can be coupled to the surface
of, or within, the MDP/DNA-microparticles.

The compositions of the present invention are able to kill
bacteria and viruses (1e. are microbicidal) but also act to
prevent bacterial and viral growth/proliferation/replication
(1e. are microbistatic). Both types of activity are advanta-
geous 1n the prophylactic or therapeutic treatment of bacterial
and/or viral infections.

The MDP/DNA-microparticle described herein has been
designed to induce both high levels of IFN-a. as well as other
key pro-inflammatory cytokines that are clinically relevant to
the induction of broad spectrum innate immumnity, particularly
anti-viral-immunity. Importantly, the simultaneous produc-
tion of regulatory cytokines such as IL-10, means that the
microparticle 1s able to induce a regulated immune response
thereby avoiding hyper-immune stimulation that can be asso-
ciated with immune-based mono-therapies. All this has been
achieved by exploiting the immunostimulatory properties of
certain pathogen recognition receptor (PRR) ligands that
induce the desired breadth and magnitude of 1mmune
responses 1n a microparticle formulation. This restricts
microparticle uptake to key innate immune cell subsets thus
avoiding climically unacceptable side efiects mediated by
irrelevant cell types.

For example, immunity against MDR-Mtb depends upon
the induction of a strong CD4 and CD8 dependent-Thl
immunity 1mvolving the major cytokines IFNy, IL-12 and
TNFa. These cytokines activate infected M®Ps and DCs
through a loop mechanism to prime and eliminate 1ntracellu-
lar Mtb via mitric oxide and superoxide synthesis. Interest-
ingly, Toll-like receptors (TLRs) are known to regulate cytok-
ine synthesis on dendritic cells and thereby afiect the
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amplification of the protective Th1 responses. Emerging stud-
ies mdicate that TLR signaling may also affect the fate of
intracellular mycobacteria.

It will be understood however that similar immune
responses are beneficial in combat against other bacterial and
viral infections and hence the compositions of the present
invention may be used either as innate or specific immune
stimulators 1n combat against a broad range of bacterial and
viral infections. The anti-infective activity of the composi-
tions of the present invention may manifest themselves in the
form of microbicidal activity (ie. killing of bacteria and
viruses), or may be microbiostatic activity (ie. prevents
growth/replication of bacteria and viruses). Both types of
activity 1s beneficial with respect to treatment or prevention of
bacterial or viral infection 1n a subject.

To enhance the efficacy of the innate anti-viral and/or anti-
bacterial immune response the MDP/DNA-microparticle
may be combined with at least one immunostimulatory
ligand, bound to or within the microparticle, that 1s capable of
stimulating specific immune cell subsets effective 1n viral
and/or bacterial cell damage and/or destruction. Suitable
ligands may be selected from known ligands of described
pathogen molecular pattern recognition receptors including
TLR 1,2,3,4,5,6,7,8,9,10, NOD-1, NOD-2, and the like. Any
combination of such ligands can also be used. Other useful
receptors are well known in the art and can be easily identified
by those skilled 1n the art.

The availability of functional groups that can be attached to
and retained on the MDP/DNA-microparticle backbone per-
mit high density coupling of additional adjuvant/immuno-
stimulatory ligands that can be incorporated in a rationale
tashion, based on their known biological activities. For
example, NOD-1 as well as NOD-2 ligands have been shown
to synergise with synthetic lipid A (TLR4 ligand), poly (LC)
(TLR3 ligand) as well as CpG ODN (TLR-9 ligand) for the
induction of human dendritic cell IL-12p70 production and T
cell associated production of IFN-v. In a similar manner,
MDP/DNA-microparticle can be built to support the prefer-
ential induction of either Thl or Th2-type immunity. More-
over, the ability to incorporate a range of immunogens 1n
addition to further adjuvant ligands will allow for the building
of a single agent that serves to simultaneously deliver
antigen(s) and adjuvant(s) preferentially to the cellular targets
ol vaccination.

Linkages that are rapidly cleavable or reversible under
specific environments, such as the reduced pH of an intracel-
lular endosome/lysosome are useful 1n developing delivery
vehicles for a variety of biologically active compounds. In the
current formulation MDP/DNA-microparticle 1s produced to
provide a targeted delivery of immunogen to antigen process-
ing/presenting cells with both NOD-2 ligand and nuclease-
resistant TLR9 ligand covalently incorporated ito a micro-
particle. MDP/DNA-microparticle contains additional
functional groups including amino and oxidizable carbohy-
drate moieties for the attachment of immunogen and TLR
ligands. These functional groups can be employed to attach
the desired immunogen and or ligand using bifunctional
crosslinking reagents such as succinamide, malamide and
aldehyde linkages. In addition, oxidizable carbohydrate moi-
cties are present which provide the chemistry to directly
attach primary and secondary amino groups that may be
incorporated in both immunogens and TLR ligands. The
acetal linkage has been used extensively as an acid-labile
bond 1n the delivery of drugs, both 1n the construction of drug,
carriers as well as to link drugs with carriers. Dialdehydes

10

15

20

25

30

35

40

45

50

55

60

65

10

may be used as an acid-labile building block to cross link
biologically active compounds to free amino groups present

on MDP/DNA-microparticle.

In one embodiment, the MDP/DNA-microparticle com-
prises at least one viral and or bacterial antigen. Examples of
suitable antigens include, but are not limited to Mycobacte-
rium tuberculosis antigens such as Antigen-85A, Antigen-
85B, ESAT and CFP-10. Any combination of such antigens
may also be used. Influenza antigens are usually dertved from
hemagglutinin and neuraminidase genes and 1n accordance
with current circulating strains. Plague antigens may be
derived from the toxin components F1, V or a combination of
the two, a so-called F1-V fusion antigen. The MDP/DNA -
microparticle 1s preferably resistant to degradation. Prefer-
ably, the MDP/DNA-microparticle formulation 1s resistant to
treatment with pepsin, extremes of pH and denaturing condi-
tions. In particular, the MDP/DNA-microparticle formulation
1s resistant to a) treatment with pepsin at pH 3.5, b) pH,
wherein the pH 1s less than 1 (1 mM HCI) or greater than 11
(1 mM NaOH) and ¢) denaturing conditions, for example 6M
urea or 6 M guanidine hydrochloride. The DNA component
of the MDP/DNA-microparticle 1s preferably resistant to
nucleases such as for example DNAse I

The MDP/DNA-microparticle compositions may be
administered by any suitable means. The method of 1immu-
nizing a subject against a disease or treating a subject having
a disease according to the present invention may employ a
number of methods to administer a liquid solution formed by
the vaccine composition. Exemplary methods of administra-
tion are intramuscular injection, subcutancous injection,
intravenous injection, intra peritoneal injection, eye drop, via
drinking water, aecrosol, or nasal spray. When administered to
animals, any suitable veterinary formulation may be used. In
addition to those described above, formulations may be 1n the
form of powders or pastes and may be added to feed or
administered orally 1n the usual manner. Suitable formulation
protocols and excipients can be found 1n standard texts such
as Remington: The Science and Practice of Pharmacy, 197
Ed, 1995 (Mack Publishing Co. Pennsylvania, USA), British
Pharmacopoeia, 2000, and the like.

While not wishing to be bound to any particular theory as
to how the present invention works, 1t 1s believed that the
ability of the MDP/DNA-microparticle formulation to treat a
broad spectrum of infective agents arises from the activation
of natural killer cell (NK) and other innate immune cells such
as plasmocytoid dendritic cells (pDC) and monocytes,
together with the induction/stimulation of the release of mul-
tiple cytokines, as a result of inter alia the nucleic acid com-
ponent of the MDP/DNA-microparticle.

A preferred embodiment of the mvention will now be
described, by way of example only, with reference to the
accompanying drawings. Although the invention has been
described by way of example, 1t should be appreciated that
variations and modifications may be made with out departing
from the scope of the mvention. Furthermore, where known
equivalents exist to specific features, such equivalents are
incorporated as 11 specifically referred to 1n this specification.

EXAMPLES

Example 1

Preparation of MDP/DNA-Microparticle

A multiple repeat of muramyl dipeptide (MDP) 1solated
trom Propionibacterium acini, formed the core structure of
the MDP/DNA-microparticle carrier complex of this
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example. The chemical composition of the preferred mono-
meric subunit 1s shown below.

CH,OH
o 0
H
0 - H,0H
HO
H NHCOCH;

CH;CH—CO— NH—CH—CO— NH—CH— CONH,

(CHy),

COOH

CH;

MDP has well known immunostimulatory properties,
which have been extensively evaluated in studies designed to
determine its effect on imcreasing immune function. To date,
both MDP 1solated from natural sources and synthetic MDP
have been associated with significant toxicity when adminis-
tered to mammals. This toxicity has limited the effectiveness
of MDP as an adjuvant.

A method for the 1solation of MDP and associated bacterial
DNA {fragments, free from toxic components, 1s provided
herein. Propionibacterium acnes was grown to a mid-station-
ary growth phase and washed to remove contaminants of
bacterial culture origin employing techmques well known to
those 1n the art. Hydrophobic components contained in the
cell walls and cytoplasm were sequentially extracted by suc-
cessive washes with increasing concentrations of ethanol/
1sopropanol/water (10%:10%:80%, 25%:25%:50% and
40%:40%:20%) at elevated temperatures. The 1sopropyl
alcohol 1s then removed with successive washes with decreas-
ing concentrations (80%, 50%, 40% and 20%) of ethanol at
clevated temperatures. The resulting MDP/DNA-micropar-
ticle 1s then suspended 1n 6 M guanidine-HCI and then washed
into water for irrigation and its concentration measured by
relating its absorbance at 540 nm to the absorbance of turbid-
ity standards. The concentration of the MDP/DNA-micropar-
ticle was adjusted to 10 mg/ml for storage and later use.

Analysis of this preparation demonstrated muramyl dipep-
tide extensively crosslinked with bacterial DNA 1n a micro-
particle size predominantly in the range of 1 to 3 microns. The
MDP/DNA-microparticles contain muramic acid with
amino-linked L-alanine-D-1soglutamine dipeptide and bacte-
rial DNA fragments as the bioactive component. Such a
microparticle can be 1solated from natural sources, as above,
or synthesized using well-known synthetic procedures (for
example, Liu G.; Zhang S.-D.; Xia S.-Q).; Ding 7Z.-K. Bioor-
ganic and Medicinal Chemistry Letters, 10 (12), 2000, pp.
1361-1363(3); Schwartzman S. M., Ribi E., Prep Biochem.
1980; 10(3): 253-6'7; Ohya et al. Journal of Bioactive and
Compatible Polymers, 1993; 8: 351-364). The MDP/DNA -
microparticles generated by the present methods can have a
broad range of sizes (for example, 0.011-30 microns) but the
preferred size 1s in the range of 0.5-3 microns.

Example 2

Covalent Attachment of Ligands and Immunogens to
the MDP/DNA-Microparticle

The attachment of ligands and immunogens to MDP/
DNA-microparticle can be accomplished employing reduc-
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tive amination. Those skilled 1n the art will recognize that
stable carbonyl groups can be produced on MDP/DNA-mi-
croparticle, carbohydrate containing ligands/immunogens or
on a dextran, polyethelene glycol or mannin bridge by oxi-
dation of carbohydrate with sodium metaperiodate. This
results 1n the formation of stable carbonyl groups (aldehyde)
which 1n turn react spontaneously with amino groups present
on certain TLR ligands and immunogens to form Schiff’s
base intermediates. The addition of sodium cyanoborohy-
dride to a reaction in which Schiff’s base formation has
occurred results 1n complete reduction of the labile Schiff’s
base intermediate to a chemically stable bond (see figure
below). Unlike sodium borohydride, sodium cyanoborohy-
dride 1s sufficiently mild to avoid adversely reducing alde-
hydes to non reactive hydroxyls. This methodological
approach 1s described in Current Protocols In Immunology;

Series Editor: Richard Coico (Cornell Umversity) Published
by John Wiley & Sons, Inc.

An example of the method employed 1s as follows: MDP/
DNA-microparticle (20 mg) 1n 20% ethanol 1s pelleted by
centrifugation, resuspended 1n and extensively washed with
water. The MDP/DNA-microparticle 1s then pelleted and
resuspended at a concentration of 50 mg the MDP/DNA-
microparticle/ml 1n sodium metaperiodate (0.05-0.5M) and
an oxidation reaction 1s carried out for 1 hour at room tem-
perature. Following activation with sodium metaperiodate,
the MDP/DNA-microparticle suspension 1s pelleted by cen-
trifugation, resuspended 1n and extensively washed with
water. The concentration of the sodium metaperiodate and the
reaction time can be varied to regulate the number of activated
sites produced within the MDP/DNA-microparticle, ligand,
immunogen or the like during oxidation. An activated the
MDP/DNA-microparticle should react with and covalently
attach at least one molecule of the subject immunogen or
ligand per MDP/DNA-microparticle, preferably 10-100 mol-
ecules of subject peptide per MDP/DNA-microparticle and
most preferably 100 to 1000 subject peptide per MDP/DNA -
microparticle. For a highly activated MDP/DNA-micropar-
ticle preparation a final concentration of 0.5 M sodium meta-
periodate 1s used and the oxidation reaction 1s carried out for
one hour. A preferred concentration of sodium metaperiodae
1s between 5 and 30 mM.

Following sodium metaperiodate oxidation the MDP/
DNA-microparticle 1s then pelleted and washed extensively
to removal the sodium metaperiodate. The activated MDP/
DNA-microparticle 1s then re-suspended in the desired
immunogen or ligand (for example TLR9 or NOD2 at =1
mg/ml at a 20:1 w/w ratio) 1n sodium bicarbonate builer
(0.1M pH 9.5) and incubated (ambient temperature) for 18-24
hours. The reactants are centrifuged and the pellet that now
contains the immunogen/ligand linked to the MDP/DNA-
microparticle through an intermediate Schifl base 1s reduced
forming a stable covalent linkage between the MDP/DNA -
microparticle and the immunogens/ligands. Numerous
reducing agents can be employed and sodium borohydride 1s
an example of a reducing agent typically used for this pur-
pose. Following reduction of the Schifl base the MDP/DNA -
microparticle—immunogen/ligand conjugate 1s pelleted,
washed and resuspended in the desired vaccine butler at the
desired immunogen/ligand concentration.

The covalent attachment of immunogen or ligand, 1f used,

to the MDP-DNA microparticle can also be made through
bi-functional cross linkers.
Homobifunctional Imidoester
Coupling
DMA, DMP and DMS (shown below) are water soluble,
membrane permeable, homobifunctional 1midoester cross-

Cross-Linker-Mediated
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linkers. The imidoester functional group 1s one of the most
specific acylating groups available for the modification of
primary amines and has minimal cross reactivity toward other
nucleophilic groups 1n proteins/ligands. In addition, the 1mi-
doamide reaction product does not alter the overall charge of

the protein, potentially retaining the native conformation and

activity of the protein/ligand. Conjugation of protein/ligand 1s
achieved through a two step reaction where MDP/DNA -mi-

croparticle 1s first incubated with the desired imidoester
crosslinker chosen from the three shown below based on
spacer arm length required to avoid steric hinderance.

-Cl+H5N NH,+Cl-
N\ Z
C—CH,—CHy—CH,— CHEC\
H;CO OCH;
DMA
M. W. 245.15
Spacer Arm 8.6A
-CI+H,>N NH,+Cl-
N\ /
/C —CH,—CH,—CH,—CH,—CH,— C\
H3;CO OCH;3
DMP
M. W. 259.18
Spacer Arm 9.2A
-CI+H5N NH,+ClI-
N\ /

/C —CH,—CH,—CHy—CH,—CH,—CH,— C\
H3CO OCH;3
DMS
M. W. 273.20

Spacer Atm 11A

The free amino groups present on MDP/DNA-micropar-
ticle are first saturated by incubation with a 20 fold molar
excess of the cross-linker dissolved 1n 0.2 M triethanolamine,
pH 8.0 (reaction butfer). The reaction mixture 1s incubated at
room temperature for 30 minutes and excess crosslinker 1s
removed from the activated MDP/DNA-microparticle by
centrifugation and washing (3x) with reaction builer. Acti-
vated MDP/DNA-microparticle 1s resuspended 1n reaction
butifer containing the desired ligand. The reaction mixture 1s
incubated at room temperature for 1-2 hours and MDP/DNA -
microparticle-ligand conjugate 1s pelleted, washed (x3) with
saline glycine butier (0.05 M glycine pH 6.5, NaCl 0.9%) and
bioactivity 1s measured by cytokine induction assays. Similar
proportions ol microparticle and immunogen/ligand are used
as outlined above for reductive animation attachment method.

It should be noted, although without limitation to the
mechanism of action, that the MDP/DNA-microparticle—
immunogen/ligand composition likely atfects immunogenic-
ity by influencing preferential cell uptake, protein half-life,
and antigen presentation through MHC immunological
events. When immunization with more than one subject
immunogen/ligand 1s desired, a cocktail of subject immuno-
gen/ligand MDP/DNA-microparticle conjugates can be pre-
pared by mixing individual conjugates at ratios to optimize
immunogenicity of each subject peptide introduced 1n the
cocktail. In this configuration suificient immunogen 1s avail-
able on each microparticle conjugate (100-1000 1mmuno-
gens-ligands/microparticle) to enhance antigen presentation
by a single antigen-presenting/responder cell Immunogenic-
ity/activity of the subject immunogen/ligand can be opti-
mized by adjusting both the number of subject peptides per
MDP/DNA-microparticle carrier and when desired the ratio
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of 1mmunogens within a vaccine cocktail to achieve the
desired immune response. In this configuration, antigen pro-
cessing by the antigen presenting cell results 1n a high density,
usually more than 100 and most frequently more than 500
peptides, presented at the cell surface of the antigen-present-
ing cell through MHC 1nteractions.

Other methods for attachment may employ maelimide con-
jugation chemistries. Maelimide linkage may be performed

using a sulfo modified sulfosuccinimidyl-4-cyclohexane-car-
boxylate according to standard protocols sulfo-SMCC
(Pierce) or other linkers suitable for sulthydryl linkage.

Example 3

Internalisation of Fluorescently Labelled MDP/DNA
Microparticle by Peripheral Blood Monocytes,
Plasmocytoid (pDC) and Myeloid (mDC) Dendritic

Cells

Whole blood was imncubated with 50, 25, 10 or 1 ug/mL of
AlexaFluor 488 (Invitrogen) labelled MDP/DNA-micropar-
ticle (imade 1n-house using standard protocols supplied with
reagents) and incubated for 30 minutes at 37° C. Monocytes,
plasmocytoid and myeloid DC were 1dentified using a panel
of tluorescent antibodies (Becton Dickinson) and gated based
on CD45, BDCA-1, BDCA-2, linecage marker and CD14
expression. The % of each subset that internalised AF488-
microparticles 1s shown i FIG. 1 Immunostimulation of
these cells 1s central to the 1mitiation of broad spectrum anti-

infectious defenses, and as such are the key cellular targets of
MDP/DNA-microparticles.

Example 4

Characterization of the General Innate
Pro-Inflammatory Response Mediated by
MDP/DNA-Microparticle Stimulated Human Whole
Blood

Whole human 1/10 diluted blood in complete medium+5%
Ab serum was cultured m 24 well tissue culture plate 10
ug/mlL of MDP/DNA-microparticles. The samples were
incubated for 72 hr and cell-free supernatant were collected
for cytokine content analysis. Supernatants were analysed for
using flow cytometric bead array technology (Bender Med-
System FlowCytomix human Thl/Th2 cytokine multiplex
kit). The cytokines measured 1in FIG. 2 indicate that MDP/
DNA-microparticles are i1mmunostimulatory, inducing
cytokines that are central to mobilization and maturation of
innate immune cells and the induction of innate immunity.

Example 5

pDC Secrete IFNa Following Stimulation with
MDP/DNA-Microparticle in an
Endososmal/Lysosmal Dependant Manner

Human pDCs were purified from PBMCs using magnetic
bead selection of BDCA-2+ cells. Sorted cells (106/ml) were

cultured (complete medium+5% Ab serum) with MDP/DNA -
microparticle or TLR9 type A ligands in the absence or pres-
ence of 5 nm chloroquine for 16 hours. Supernatants were
assayed for IFNa content using flow cytometry cytokine bead
array methodology. The results shown 1n FIG. 3 demonstrate
pDC dose-responsive induction of IFNa, a potent anti-viral
cytokine. This 1s mediated by the nucleic acid component of
the microparticles acting most likely via TLR9 ligand which
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resides in the endosomal compartments of the cell. In agree-
ment with this, microparticle induction of IFNa@. 1s inhibitable
by the lysosomal/endosomal imhibitor chloroquine. That the
MDP/DNA-mciroparticle can activate pDC IFN-a. produc-
tion 1s very advantageous since these cells represent the natu-
ral source of IFN-a 1n vivo. Agents which can target innate

production of IFN-a provide alternate, less toxic therapeutic
regimen than recombinant IFN-a for the treatment of viral
infections.

Example 6

IFNv, GM-CSF, MIP-1¢. and TNFa Production by
Purified NK and NKT Cells Following a 40-Hour
Stimulation with MDP/DNA Microparticle

Human CD36™ cells were purified from whole blood to
99% purity using MACS positive selection beads, which 1so-
lates both NK (CD36™CD37) and NKT cells (CD567CD37).
Purified cells were then cultured (7.5x10°/ml) with no stimu-
lus, IL-2 (500 U/ml), IL-12 (50 ng/ml) or MDP/DNA micro-
particle (40, 20, 10, and 5 and 1 ug/ml) for 40 hrs. Superna-
tants were assayed for IFN-y, TNF-a, and GM-CSF and
MIP-1-ca.-content using flow cytometry cytokine bead array
methodology. As can be seen 1n FIG. 4, a MDP/DNA-micro-
particle clearly stimulates the productlon of the cytokines
IFNy and TNFa as well as MIP-1a and GM-CSF. NK cells
play an important role in the destruction of virally infected
cells and these factors are hallmarks of NK cell immunoac-
tivation. NK cells and factors derived from them may also
help mobilize and promote macrophage and other phagocytic
cell defenses.

Example 7

Induction of Monocyte TNFa Production Following

a 22-Hour Stimulation with
MDP/DNA-Microparticle

Human PBMC (10°/ml) were cultured with MDP/DNA -
microparticle at 20, 10, 5 and 1 ug/ml for 22 hours. A protein
transport inhibitor (brefeldin A) was added for the last 6 hours
of the culture to enable cytokine accumulation. Cells were
labelled with fixable wviolet live/dead stain (Invitrogen),
washed and subsequently fixed/permeabilised using Cytofix/
Cytoperm (Becton Dickinson), followed by labelling with
anti-TNFa-APC-Cy7 monoclonal antibody. As shown 1n
FIG. 5A viable monocytes were identified based on live/dead
dye exclusion combined with FSC-v-high SSC gating. In
FIG. 5B the proportion of gated viable monocytes expressing
TNFa at all concentrations of MDP/DNA-microparticle was
determined. The largest proportion of TNFa expressing
monocytes 1s 73.8% at 20 ug/ml of MDP/DNA-microparticle.
TNFa 1s an important cytokine for activating the phagocytic
and bactericidal activity of PMN granulocytes.

Example 8

Enhancement of Human PBMC Spontancous NK

Killing Activity Following Stimulation with
MDP/DNA-Microparticle

PBMC were cultured with MDP/DNA -microparticle at 40,
20, 10 and 5 ug/ml. Known NK cell activating agents, 1L.-2
(500 U/ml) and the TLR3 ligand, Poly I:C (50 nug/ml) served
as assay positive controls. Following 18 hr culture, PBMC
were washed 1nto fresh medium and tested for cytotoxicity
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against fluorescently labelled NK sensitive K562 tumour tar-
gets at effector:target ratios of 100:1, 10:1 and 1:1. Tumour
cell killing was determined after 4 hr using flow cytometric
live/dead discrimination of gated, fluorescent K562 targets.
The results are shown 1n FIG. 6. These data demonstrate that

functional NK activity 1s induced by MDP/DNA-micropar-
ticles. Activation of NK cell killing 1s desirable since they are
known to kill virally infected cells.

Example 9

Inhibition of HIV-1 Clade A and B PBMC Viral
Bioburden Mediated by Culture s/n Harvested at 48
hrs from PBMC Cultures Stimulated with 1, 5 or 10

ug/ml MDP/DNA-Microparticles

PBMC cultures were pre-incubated with HIV-1 virus
stocks for 24 hr prior to addition of 33% v/v MDP/DNA-
microparticle stimulated culture s/n (0.2 um-filtered). As a
positive control for inhibition of HIV-1 replication, recombi-
nant human IFNa was added at 10, 100 or 1000 U/ml. On day
S post-HIV-1 infection, the PBMC were harvested and the %
of HIV-1 infected cells were determined using tlow cytomet-
ric analysis of intracellular p24 antigen expression of viable
cells. The percent (%) inhibition of infection was calculated
relative to the average bioburden of cells+virus cultures
alone. The results show +/—-SEM are from triplicate micro-
cultures (FIG. 7). There was no effect of MDP/DNA-micro-
particle activated s/n or IFNa on overall PBMC culture

viability as determined by DNA apoptosis/cell cycle analysis
(data not shown). These data demonstrate that MDP/DNA -

microparticles induce soluble factors that are able to directly
inhibit viral replication.

Example 10

Impact of MDP/DNA-Microparticles on Infection
(Plague)

C57BL6 Mice Received the Indicated Schedule of MDP/
DNA-Microparticles (100 Hg 1.p.) and then were Challenged

on Day 0 with Yersinia Pestis.

MDP/DNA-microparticle Challenge Result (survivors/total)
Group 1: day —-20 Y. pestis 0/5
Group 2: day —-10 Y. pestis 2/5
Group 3: day O Y. pestis 1/5
Group 4: day -20 and -10 Y. pestis 2/5
Group 5: none Y pestis 0/5
For the Y. pestis infection, the mice were infected intrana-

sally with 1x10° CFU strain KIM D27. This represents
approximately 10 LD30, which 1s close to the LD100. All
untreated control animal succumbed to infection by day +8
(F1G. 8). There were survivors among the treated animals.
The greatest number of survivors (2 of 5) occurred 1n the two
groups that recerved MDP/DNA-microparticles on day —-10.
Optimal results are anticipated with treatments on day —10.
Further studies were performed to further determine the 1ni-
tial findings (FIGS. 9, 10). In these studies either 50 or 500 He
MDP/DNA-microparticle was adminmistered on day —10prior
to infection. A dose of 50 ug was found to give improved
protection over 500 ng dose. Both doses conferred greater
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protection than with saline control. Overall, the study sug-
gests that MDP/DNA-microparticles can provide protection
against pneumonic plague.

Example 11

Treatment with MDP/DNA-Microparticles

Following Exposure to Flu Confers Protection as

Measured by Increased Survival and Amelioration of
Weight Loss

Mice: Wild type C57BL/6 mice were purchased originally
from The Jackson Laboratory (Bar Harbor, Me.) and then
bred 1n the Trudeau Institute Animal Breeding Facility. All
mice were housed and cared for according to Trudeau Insti-
tute Amimal Care and Use Commiuttee guidelines.

Virus infections. The A/PR/8/34 (H1N1) strain of influenza
A virus was originally obtained from D. Morgan (The Scripps
Research Institute, La Jolla, Calif.). Viral stocks were pro-
duced 1n the allantoic cavity of 10-day-old embryonated
chicken eggs and stored at —70° C. Mice were lightly anes-
thetized with 1soflurane and inoculated intranasally with 0.3
LD-50 influenza. After infection, mice were weighed daily
and any that lost more than 30% of their body weight were
considered moribund. MDP/DNA-microparticles were
diluted 1n saline (50 ug or 250 ug) or saline alone was admin-
istered intravenously by tail vein injection on the day after
infection.

Statistics. Weight loss data was analyzed by Student’s t
test. Survival data was analyzed by Log rank test. In both
cases, p<0.05 was considered statistically significant.

Results are shown in FIG. 11. A) Both doses of MDP-
DNA-microparticle impacted weight loss similarly. Where
indicated (*), MDP/DNA -microparticle therapy significantly
reduced weight loss. B) Animals that lost more than 30% of
their 1nitial weight were considered moribund and eutha-
nized. Data are pooled from two independent experiments
(n=15 total mice per group). The reduced morbidity of ani-
mals treated with MDP/DNA-microparticle was statistically
significant (p=0.035 by Log rank test). These findings dem-
onstrate that even when a wviral infection 1s established,
therapy with a single dose of MDP/DNA-microparticle can
ameliorate both morbidity and mortality factors associated
with influenza infection. This 1s further demonstrative of the
ability of MDP/DNA-microparticle to induce functionally
relevant levels of anti-viral factors.

Example 12

MDP/DNA-Microparticle Immunoconjugates Induce
Adaptive Cellular Th]l Immunity

Adaptive cellular Th]l immunity 1s important for the pro-
tection of certain infectious diseases such as tuberculosis and
viral infections. Tumour vaccination models are usetul for
determining Thl adjuvant properties of MDP/DNA-micro-
particle immunoconjugates. OVA tumour antigen 1s a well

characterised tumour antigen and was covalently attached to
MDP/DNA-microparticle using sulthydryl linkage. As seen

in FIGS. 13A,B, vaccination with OVA-MDP/DNA -micro-
particle immunoconjugates induces peripheral expansion of
adoptively transterred OT-1 CD8+ cells and the subsequent
induction of anti-tumour immunity in a prophylactic tumour
vaccine model

(A) Syngeneic purified CD8* OT-I cells (10°) were adop-
tively transferred to groups of mice (C57/B16; n=10) via 1.v
delivery followed by 1.v immunization with either 25 ug Ova,
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25 ug OVA-MDP/DNA-microparticle (MIS416) immuno-
conjugate or 25 ug OVA mixed with 200 ng o.-galactoceram-
ide (positive control for 1.v immunization for Th1 responses).
Peripheral blood was sampled at various time points up to day

35 post immunization. The expansion of OT-I cells was deter-
mined using flow cytometric analysis for T cells with a CD8™
CD45.1+Va2+ phenotype (O1-I specific). (B) On day 36 post
immunizations, 10° B 16-OVA tumour cells were injected s.c.
and tumour growth was monitored.

The findings demonstrate that MDP/DNA-microparticle
adjuvanted vaccines can induce protective Thl immune
responses. This 1s of particular importance for the generation
ol effective vaccines against certain infectious diseases such
as tuberculosis which require the development of novel Thl
vaccine adjuvants.

Example 13

MDP/DNA-Microparticle Upregulates Human
PBMC mDC and pDC Expression of Costimulatory
Molecules CD83 and CD86 Along with HLA-DR

Upregulation

Human PBMC (106/ml) were stimulated (complete
medium+5% Ab serum) with MDP/DNA-microparticles.
CpG type C and HKSA were used as assay positive controls.
At 22 hr post-stimulation, CD83,CD86 and HLA-DR co-
expression was determined on gated, viable mDC and pDC

using multiparametric tlow cytometry.

Within the cellular repertoire of APC, both mDC and pDC
are essential for the induction of innate as well as robust
primary and secondary T cell adaptive responses, both 1n vitro
and 1 vivo. Accordingly, MDP/DNA-microparticles has
been shown to be a potent inducer of PBMC mDC maturation
in vitro as indicated by the upregulation of Ag-presenting
MHC class II molecules along with CD83 and CDS86
costimulatory molecules to a similar extent as heat killed S.
aureus (HKSA). Co-analysis of pDC maturation also reveals
that MDP-DNA-microparticles 1s able to induce significant
upregulation of HLA-DR along with upregulation of CID86.
CDR83 expression 1n contrast 1s upregulated to a lesser extent
than seen with other pDC maturation stimuli such as synthetic
CpG type C. The different magnitudes of MDP/DNA-micro-
particles activity against pDC and mDC are in part due to the
fact that mDC are more phagocytic than pDC therefore pret-
crentially internalize the microparticles. These findings are
shown 1n FI1G. 14, and support the use of MDP/DNA-micro-

particle as an mnate immunostimulant.

Example 14

MDP/DNA-Microparticle Enhances the
Immunogenicity of ESAT-6 Mtb Antigen and
Clearance of Drug-Resistant M. Tuberculosis 1n

Mice

C57B1/6 mice were ntravenously infected with drug-re-
sistant strain of MTb at 10> CFU per mouse and infection
allowed to progress for 14 days. Mice were then treated with
25 ug per mouse of recombinant MTb ESAT-6 protein 1n
either Titermax adjuvant, MDP/DNA-microparticle adjuvant
or no adjuvant, given on days 14, 18 and 21 (3 doses per
mouse). Mice were sacrificed on day 28 and lung CFU counts
performed by plating organ homogenates on 7H11 agar.
3-mice per time point were analysed. MDP/DNA-micropar-
ticle induced a significant reduction 1n the formation of MTh
lung colonies compared to non-treated animals. In contrast, a
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comparative adjuvant, Titermax, did not significantly
enhance the immunogencitiy of ETSAT (see FIG. 15, denotes
significance by t test).

Although the invention has been described with reference
to certain preferred embodiments and examples 1t will be
understood that varniations 1n keeping with the spirit of the
invention and the disclosure provided herein are also contem-
plated

The claims defining the invention are as follows:

1. A method of therapeutic treatment of an infection 1n a
subject caused by a virus and/or a bacterium, comprising
administering to the subject an effective amount of an MDP/
DNA-microparticle, wherein the MDP/DNA-microparticle
does not compromise a viral and/or bacterial antigen, and
wherein the MDP/DNA-microparticle activates an innate
Immune response.

2. A method according to claim 1, wherein the innate
immune response includes activation of NK cells, plasmocy-
toid dendritic cells (pDC) and/or monocytes.

3. Amethod according to claim 1, wherein the MDP/DNA -
microparticle further induces and/or stimulates the release of
at least one cytokine.
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4. A method according to claim 3, wherein the cytokine 1s
selected from interferon-alpha (IFN-a), interferon gamma
(IFN-v), interleukin 10 (IL-10), interleukin 6 (IL-6), interleu-
kin 1-beta (IL-1f), tumour necrosis factor alpha (TNF-a.),
interleukin 12 (IL-12), and/or CIDS8 antiviral factor.

5. A method according to claim 1, wherein the MDP/DNA -
microparticle comprises at least one immunostimulatory

ligand.

6. A method according to claim 5, wherein the ligand 1s
selected from TLLR1,2,3,4.5,6,7.8,9,10, NOD-1 and/or NOD-
2.

7. A method according to claim 1, further comprising
administering another therapeutic agent effective in the treat-
ment of an infection caused by a virus and/or bacterium.

8. A method according to claim 7, wherein the another
therapeutic agent 1s a vaccine and/or and antibiotic that 1s
administered simultaneously or sequentially.

9. A method according to claim 1, wherein the subject 1s a
mammal.

10. A method according to claim 1, wherein the infection to
be treated 1s selected from influenza, plague or tuberculosis.
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